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ABSTRACT

Background and aims

Osteopontin (OPN) promotes the ductular reaction and is a major driver of chronic liver
disease (CLD) progression. Although CLD is characterized by the accumulation of
inflammatory cells including macrophages around the peri-portal regions, the influence of
OPN on recruitment is unclear. We investigated the role of OPN in cholangiocyte chemokine
production and macrophage recruitment by combining in vivo, in vitro, and in silico
approaches.

Methods

The effects of OPN on cholangiocyte chemokine production and macrophage migration were
assessed in culture, alongside RNA-sequencing to identify genes and pathways affected by
OPN depletion. Murine liver injury models were used to assess liver chemokine expression
and liver macrophage/monocyte recruitment. OPN and chemokine expression were analysed
in liver tissue and plasma from biopsy-proven MASH patients.

Results

OPN-knockdown in cholangiocytes reduced chemokine secretion. RNA-sequencing showed
OPN-related effects clustered around immunity, chemotaxis and chemokine production.
Macrophage exposure to cholangiocyte-conditioned media showed OPN supported migration
via chemokines CCL2, CCL5 and CXCL1. These effects were related to NF-kB signalling.
Murine liver fibrosis was accompanied by upregulated liver OPN, CCL2, CCLS, and CXCL1
mRNA, and accumulation of liver CD11b/F4/80-CCR2+» macrophages but treatment with
OPN-specific neutralizing aptamers reduced fibrosis, chemokine mRNAs and accumulation
of liver CD11b/F4/80"CCR2"gb/ Ly6Chigh inflammatory monocytes. In human MASH, liver
OPN correlated with chemokines CCL2 and IL8 in association with portal injury and fibrosis.

Plasma OPN, serum CCL2 and ILS also increased with fibrosis stage.

Page 6 of 83
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Conclusions

OPN promotes cholangiocyte chemokine secretion and the accumulation of pro-inflammatory

oNOYTULT D WN =

monocytes. These data support neutralization of OPN as an anti-inflammatory and anti-
10 fibrotic strategy.

[249 words]

19 Keywords

22 Osteopontin, Chemokine, Cholangiocyte, Macrophage, MASH, Fibrosis.
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INTRODUCTION

Despite considerable progress towards understanding the cellular and inflammatory factors
that drive chronic liver disease (CLD) progression, specific therapies that ameliorate CLD
still elude clinical translation. Targeting liver fibrosis, the most predictive indicator of disease
progression and negative prognosis would present attractive modalities for therapeutic

intervention [1,2].

We have reported that Osteopontin (OPN) is a key driver of liver fibrogenesis via activation
of hepatic stellate cells (HSCs) and progenitor cells [3]. OPN mediates crosstalk between
periportal and stromal cells and drives the ductular reaction which is highly linked to
fibrogenesis [3,4]. An acidic member of the small integrin-binding ligand N-linked
glycoprotein (SIBLING) family of proteins, OPN is abundantly expressed in a wide range of
tissues during inflammation and repair. It is secreted by various cell-types including epithelial
cells, T cells, dendritic cells and macrophages, and its expression is induced by oxidative
stress, growth factors (e.g. PDGF, TGFp), and cytokines (e.g. IL6, TNFa). In normal liver,
OPN is expressed by cholangiocytes, HSCs, progenitors, and immune cells (macrophages,
DCs, B and T cell subsets). To date, OPN has been shown to be upregulated in human CLD
(viral hepatitis B and C, NAFLD/MAFLD, ALD, PBC, PSC, autoimmune hepatitis) and in
models of liver injury (bile-duct ligation, biliary fibrosis; methionine-choline deficient diet
(MCD), MASH-fibrosis; carbon tetrachloride injection (CCly), fibrosis). Liver and

serum/plasma OPN levels correlate with severity of liver fibrosis in humans and mice [5].

A specific role for OPN in macrophage activation and recruitment in CLD, however, remains
unclear. In liver, inflammatory monocytes, particularly myeloid-derived macrophages,
influence pro-inflammatory and pro-fibrotic progression and through crosstalk maintain HSC

activation [6]. Interestingly, depending on macrophage subset as defined by activation
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markers, there also appears to be a key role in resolving fibroinflammatory disease in murine
CLD models [7]. CD11bhighF4/80Ly6Chigh infiltrating monocyte-derived macrophages
accumulate early in disease to promote fibrosis whereas CD11b"igh F4/80MLy6Cint/low

macrophages regulate fibrosis resolution by the expression of more MMPs.

As the nature of the inflammatory response appears to influence the course and outcome of
CLD, directing therapy at the recruitment of subsets and/or signals involved could attenuate
liver injury and fibrosis. Furthermore, portal fibrosis has been shown to be the best predictor
of liver complications during follow-up [8]. Previous work has indicated that inflammatory
cell accumulation in portal tracts is influenced by activated-HSC derived Hedgehog (Hh)
ligands, which induce cholangiocytes to secrete chemokines including CXCL16 and thereby
recruit inflammatory NKT cells [9]. Hh signals drive OPN production and this mechanism of
inflammatory recruitment is shown to drive fibrogenesis [5]. Additionally, we have reported
that the greatest levels of OPN expression in the injured liver are in the periportal regions,
and in colocation with the cholangiocyte marker Keratin 19 [3]. We therefore sought to
investigate whether OPN modulates cholangiocyte chemokine secretion that leads to

macrophage recruitment.

We have combined multiple investigatory disciplines, including human data, multiple animal
models, cell culture and bioinformatic analysis of next-generation gene sequencing. We find
that OPN critically affects cholangiocyte chemokine secretion to promote macrophage
recruitment in CLD and moreover may promote an inflammatory response that favours

fibrosis progression.
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EXPERIMENTAL PROCEDURES

Cellular analyses

The murine cholangiocyte cell line 603B and murine macrophage line RAW264.7 were
maintained according to standard protocols [10,11]. For migration experiments, 603B-
conditioned media was transferred to the bottom chamber of a standard transwell apparatus
(Nunc, ThermoFisher, Paisley, UK); RAW264.7 were seeded into the top chamber on a
polycarbonate membrane with 8 um pores. Migrated cells were counted using coomassie blue
staining of cells translocated to the underside of the membrane, using at least 15

nonoverlapping fields from two independent experiments.

Stable OPN knockdown using short-hairpin RNA was achieved as described [3]. OPN
knockdown 603B cells (shOPN-603B) were compared with non-targeting scrambled shRNA
(shScr-603B). For select experiments, conditioned media was treated with either OPN-
neutralizing aptamer (“OPN Apt”, versus sham control aptamer “Sham Apt”), recombinant
OPN (rOPN, 100 ng/mL, R&D), OPN-neutralizing antibody (2 ug/ mL R&D) neutralizing
antibodies against CCL2, CXCL1, CCLS5 or control IgG (3 pg/mL; 0.5 ug/uL; 0.5 ug/uL and

3 ug/mL, respectively).

Molecular RNA Sequencing and bioinformatics analyses

RNA was collected from snap-frozen 603B cell pellets (2x10° cells) using a standard Trizol
protocol. RNA sequencing was performed on an Ion Proton™ (Life Technologies) Next
Generation Sequencing platform (at the Institut de Génomique Fonctionnelle, Lyon, France).
The Htseq software [12] count feature (Reserve strand setting) was used to map reads (Bam
files) on UCSC mouse genome release Mm10 and generate count tables. The Deseq2 R

package from Bioconductor was used to analyze each count table separately [13]. Only genes
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exceeding a conservative threshold of at least 10 reads in one sample were kept (considered
to be expressed; False discovery rate 0.05). Selected genes were considered “Called
Differential” if they satisfied a Benjamini-Hochsberg [14] p-adjusted value <0.05 and had
Log2-fold change either >1 or <-1. Gene ontologies and functional enrichment were analysed
using two modalities: GOrilla [15,16] and DAVID [17,18] software. Multiple GO terms were
synthesized in ReviGO to simplify functional categories and reduce redundancy [19].
Specific altered pathways detected from RNA-Seq data were generated from the KEGG

database [20,21].

Animal models

Mice were housed in 12-hr light/dark cycle with food and water ad libitum. Liver samples for
RNA analyses and immunohistochemistry were taken at the indicated timepoints. Animal

handling was conducted in line with the US National Research Council’s Guide for the Care

and Use of Laboratory Animals, the US Public Health Service's Policy on Humane Care and

Use of Laboratory Animals, the UK Animals (Scientific Procedures) Act 1986 Amendment

Regulations (SI 2012/3039), and European Union Directive 2010/63/EU with approval by the

relevant institutional committees of Duke University; Vrije Universiteit Brussel, Belgium;

University of Calgary, Canada.

Murine Methionine-choline deficient diet (MCD), 3,5,-Diethoxycarbonyl-1,4-
dihydrocollidine diet (DDC) and Carbon tetrachloride (CCly) models were performed as
described [3]. MCD mice (n=5/group) were fed methionine-choline deficient (MCD) diet or
control chow for 5 weeks to induce metabolic dysfunction-associated steatohepatitis (MASH)

fibrosis. CCly mice (n=5/group) received twice-weekly intraperitoneal injections of CCly (0.5
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mg/kg, Sigma-Aldrich) or vehicle (mineral oil) for 6 weeks. DDC mice (n=5/group) were fed

the dihydrocollidine (DDC) diet for 3 weeks to induce biliary-type fibrosis.

OPN neutralization

Mice received OPN-specific aptamers (specifically neutralize circulating-extracellular OPN)
or sham-aptamers (negative control) [22,23] by tail-vein injections in the final week of
dietary or chemical challenge (n=10/study; 5/group; four injections (alternate days) total per

mouse; 200 pg in 100 uL of PBS). Mice were sacrificed 24 h after the final aptamer dose.

Histology and Immunohistochemistry

Liver tissue was formalin-fixed, paraffin-embedded, and cut into 5-um sections. To quantify
liver fibrosis, five-micron sections were stained with picrosirius red (Sigma, St. Louis, MO)
and counterstained with fast green (Sigma, St. Louis, MO). Immunohistochemical staining
was performed as previously described [3] to detect OPN, aSMA, F4/80, CD68 and

Cytokeratin 19 (CK19) using procedures described in Supplemental Methods.

Human Histology and tissue analyses

Studies using human material from Duke University Hospital were conducted in accordance
with NIH and Institutional guidelines for human subject research and the Declaration of
Helsinki (2008). For formalin-fixed, paraffin-embedded (FFPE) sections, deidentified
samples were obtained from explanted liver tissue from individuals undergoing
transplantation for MASH-cirrhosis, and normal tissues were obtained from excess split-liver

grafts. Total liver RNA was obtained from freshly explanted and snap-frozen MASH.
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Biobanked samples (Duke NAFLD/MAFLD repository) were collected on same day as

acquired liver histology.

Tissue Microarray and Luminex cytokine profile

Transcriptomic data was generated from frozen liver biopsy tissue obtained from patients
previously enrolled in the Duke University Health System NAFLD/MAFLD Biorepository.
Clinically-indicated liver biopsies and liver histology were graded and scored for MAFLD-
related injury and fibrosis according to published criteria [24]. Transcriptomic data from 72
patients was analysed, including 40 with mild MAFLD, defined as fibrosis stages 0 or 1, and
32 with severe MAFLD, defined as fibrosis stages 3 or 4. The biorepository, patient
demographics, RNA preparation and generation of genomic data have been described
previously [25]. Briefly, microarray hybridization was performed using Affymetrix Human
Genome U133 Plus 2.0 GeneChip arrays (Affymetrix, Santa Clara, CA). Differential gene
expression for CXCLS, CCL2 and SPP1 was determined using two sample Student’s t-test
assuming equal variances (Matlab, Mathworks, Natick, MA). Cytokine profiling was
performed on biobanked serum and plasma samples (123 patients) using a Luminex analyte

panel according to manufacturer’s instructions (and Supplemental methods).

Protein detection and gene expression

Semiquantitative real-time PCR (qQRT-PCR), western blotting and agarose gel electrophoresis
were performed as described in Supplemental methods. NF-xB activity and specific subunit
was detected using TransAM® NF«xB p50, p52, p65 & Family Kits (Active Motif, Carlsbad,

CA). Chemokines secreted in culture were measured by cytometric bead array (BD
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Biosciences, Oxford, UK). ELISA detection of secreted OPN in media was performed as per

kit manufacturer instructions (R&D Systems, Abingdon, UK).

Statistical analyses

For groupwise comparisons, analyses were performed using Graph-Pad Prism 4 software
(GraphPad Software, La Jolla, CA) and data presented as mean+=SEM. For two independent
groups unpaired t-test was used with Welch correction to tolerate unequal variances, and for
multiple comparisons a one-way ANOVA with Tukey’s MCT post-hoc correction.

Statistically significant differences were considered at p<0.05.
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RESULTS

Osteopontin is associated with chemokine production by cholangiocytes

The role of OPN in cholangiocyte chemokine secretion was investigated in vitro using the
603B cell line, which highly expresses both OPN and the cholangiocyte/ductular marker
keratin 19 (Figure 1A) and secretes a copious amount of OPN as detected by ELISA of
conditioned media (Figure 1B). Knockdown of OPN using lentivirus-mediated short-hairpin
RNA targeting Osteopontin (shOPN) achieved approximately 65% knockdown versus non-
targeting scrambled control (shScr) (Figure 1C) (Western quantitation shown in
Supplemental Figure 7). We initially examined production of selected chemokines CCL2
(MCP-1), CXCL1 (KC/FSP/Grol) and CCL5 (RANTES) and found that knockdown of OPN
was associated with significantly downregulated mRNA of these chemokines (80%, 40% and
95% downregulation, respectively) (Figure 1D). Similar reductions were found for secretion
of these chemokines, as detected by cytometric bead array examination of 603B conditioned

media (approx. 75%, 60% and 85% loss of secretion, respectively) (Figure 1E).

To gain a wider appreciation of all the chemokines that may be affected and to investigate the
wide array of signalling processes that could affect chemokine production in relation to OPN,
we applied Next Generation RNA Sequencing (RNAseq). Appreciable levels of transcript
were detected in 11,728 genes. Among these, we determined 670 genes to be significantly
altered (Benjamini-Hochsberg p,q; <0.05), of which 192 genes were altered by more than 1x
log,Fold, a conservative cutoff which may underline functionally significant downregulation.
Among these significantly altered genes, many of the most highly altered were chemokines
(listed in Table 1). We detected alterations in 17 chemokines, of which 14/17 were
downregulated, 10 by more than 1xlog,fold and with statistical significance. In addition to

aforementioned CCL2, CXCL1 and CCLY5, significantly downregulated chemokines included
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CXCLI16, CXCLI11, CXCL10, CCL9, CCL7, CX3CLI1 (Fractalkine) and CXCLS5. To account
for the possibility of error associated with the high-throughput RNAseq process we

independently verified these chemokines using qRT-PCR, which showed similarly consistent
levels (Supplemental Figure 1), indicating the accuracy of the RNAseq and the robustness of

chemokine downregulation.

The functional significance of the full range of altered genes detected by RNAseq was
interrogated using Gene Ontology (GO) analysis to identify the most strongly-represented
functional clusters among the differentially expressed genes. Two different modalities,
GOrilla software and DAVID software, provided remarkably similar results (Supplemental
Table 3). The enriched terms heavily favoured chemokine and immune cell recruitment
functional terms, especially among the most significant hits, implying a role for OPN in these
processes. The predominance of these terms also supports the primacy of these functions in
relation to OPN i.e., the main function of OPN in cholangiocytes appears to be highly related
to chemokine production and signals for chemotaxis/immune recruitment. A synthesis of all
GO terms reported by GOrilla using ReviGO software to sort functional groupings also
demonstrates that overwhelmingly the largest effect of OPN was on immune/inflammatory
recruitment and chemokine/cytokine production (Supplemental Figure 2). Additionally,
interrogation of altered genes via the KEGG signalling database indicated a robust role for
OPN in chemokine/cytokine production and immune recruitment signalling pathways, which

were the predominantly represented pathways (Supplemental Table 4).

OPN promotes non-canonical NF-xB signalling in cholangiocytes

Some affected GO terms were related to NF-xB signalling, which is known to be one of the

main pathways for chemokine production and is also associated with activation by OPN. We
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1

2

2 therefore investigated whether OPN was driving NF-kB activity in cholangiocytes. NF-xB

5 .. . . . .

6 activity assays showed that loss of OPN in 603B was associated with suppression of the non-
7

8 canonical NF-xB pathway (repression of p52 and RelB activity in shOPN relative to shNS),
9

1(1) but not the canonical branch (there was no suppression of p50, c-Rel, or p65 activity) (Figure
:g 2). This implies that OPN stimulates a non-canonical NF-«B signalling mechanism in

14

15 cholangiocytes. Searching the RNAseq data for known NF-kB-responsive farget genes, aside
16

17 from the chemokines identified already, indicates 25 target genes were significantly altered in
18

;g shOPN cholangiocytes (Benjamini-Hochsberg p,qj <0.05); 24 out of these 25 genes were

21

22 downregulated and 12 out of these 25 by more than 1 log,fold (Supplemental Table 5). Three
23

24 NF-kB-family genes were also downregulated: Nfkbid (IxBys, atypical IkB protein,

25

;? modulator of nuclear NF-xB function), Nfkbia (IxBa, canonical inhibitor of NF-xB) and

28 .

29 Nfkb2 (NF-xB p100 subunit).

30

31

32

33

gg OPN enhances cholangiocyte-associated macrophage migration

36

2573 To explore whether this deficiency in chemokine production affected macrophage

39

40 recruitment we treated RAW?264.7 macrophages with conditioned media from 603B

41

42 cholangiocytes. 603B-conditioned media stimulated macrophage migration across transwell
43

j;' membranes (Figure 3A), however macrophage migration was comparably reduced with

46

47 conditioned media from shOPN cholangiocytes (Figure 3C). Furthermore, neutralizing the
48

49 chemokines CCL2, CXCL1 and CCL5 (using neutralizing antibodies; Figure 3A) abrogated
50

g ; transmigration in comparison to wildtype cholangiocyte conditioned media treated with non-
53 . .. . ..

54 specific IgG-control. Neutralization of OPN by antibody or by aptamer similarly reduced

55

56 macrophage transmigration, whereas spiking the conditioned media with recombinant OPN
57

gg (rOPN) enhanced migration (Figures 3A, 3B). These results indicate that OPN can directly
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enhance cholangiocyte-stimulated macrophage migration, but also indirectly instruct the
recruitment capacity of cholangiocytes by influencing the chemokine composition of the
cholangiocyte secretome. The activation phenotype of macrophages also appears to be
affected, as knockdown of OPN in 603B was associated with decreased expression of the
inflammatory activation marker CIITA and increased expression of the

immunomodulatory/resolving activation marker Argl (Figure 3D).

OPN neutralization inhibits inflammatory monocyte accumulation and chemokine expression

in mouse models of liver injury.

To investigate whether the influence of OPN on inflammatory monocyte accumulation
extends to the in vivo context we studied murine models of liver injury and fibrosis. We used
an interventional approach, whereby circulating OPN was targeted by specific neutralizing-
aptamer treatment in the MCD dietary model and the CCl, toxicity model. Additionally,
biliary-type fibrosis was modelled using the DDC diet. We have previously shown the
aptamer neutralization modality to be effective in these murine models and comparable to a

neutralizing antibody modality [3].

MCD model. Consistent with our previous reports [3,26], in a 5-week MCD model, mice
treated with Osteopontin-neutralizing aptamer had approximately 50% reductions in ALT,
which would be in line with reduced inflammation. Simultaneously, fibrogenesis and HSC
activation was also ameliorated (whole liver tissue aSMA mRNA by 2.1-fold; Collal mRNA
by 2.2-fold; Figure 4A). Sirius red histology also demonstrated markedly reduced fibrosis
with OPN neutralization (Figure 4B). Moreover, consistent with the in vitro findings, the
induction of chemokines CCL2, CXCL1 and CCL5 was significantly ameliorated by OPN

neutralization (whole liver tissue mRNA; Figure 4C).
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CCl,; model. Similar results were present in the 6-week CCly model. The reductions in
fibrogenesis (aSMA and Collal), as we have previously reported with OPN-neutralizing
aptamer treatment in the CCly; model [3], and reductions in collagen-rich fibrotic matrix were
accompanied by significant reductions in chemokine mRNA, whereby the induction of
CCL2, CXCL1 and CCLS5 was almost completely reversed by OPN neutralization (Figure

40).

DDC model. As a model of biliary-type fibrosis, we used a 3-week DDC model with 1.5
weeks OPN aptamer treatment. Consistent with the MCD and CCly models, OPN
neutralization was associated with significantly reduced levels of chemokines CCL2, CXCL1

and CCLS5 (whole tissue mRNA; Supplemental Figure 4).

Inflammatory cell recruitment. The presence of inflammatory cell recruitment was assessed
using immunohistochemical detection of the F4/80 marker. Chronic liver injury is typically
associated with accumulation of F4/80-positive cells, particularly around periportal regions
(Figure SA). In the MCD model, this accumulation was significantly reduced in mice treated
with OPN neutralization. Flow cytometry of homogenized whole liver tissue was also used to
detect inflammatory monocytes. In a supplemental study using a neutralizing antibody
modality, OPN neutralization resulted in a 23% reduction in the accumulation of

CD11bhighF4/80high inflammatory monocytes (Supplemental Figure 5).

Due to marked heterogeneity among inflammatory monocyte subsets, we sought to
functionally characterize differences in accumulation influenced by OPN. In other murine
studies, it has been shown that CD11b"g"F4/80"Ly6Chigh infiltrating monocyte-derived
macrophages accumulate early in disease to promote fibrosis whereas

CD11bMiehF4/80™Ly6CinY'ov macrophages regulate fibrosis resolution by expressing more
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MMPs [7]. Notably, we find that OPN neutralization is also associated with reduced
accumulation of the CD11bhighF4/80™Ly6Chigh subset (5.3% vs 1.6% of cells gated on
CD11b*F4/807) associated with inflammation and maintenance of fibrosis. Additionally, the
CD11bhighF4/80Ly6Cinvlow population (associated with fibrosis resolution) was increased
with OPN neutralization (Figure 5B). Altogether, these combined data indicate that OPN
supports inflammatory monocyte recruitment, particularly a profibrotic subset. Furthermore,
these data are consistent with OPN neutralization as a modality to suppress the pro-

inflammatory monocyte activity that maintains fibrosis.

OPN and chemokine expression is associated with portal injury and fibrosis in human MASH

Immunohistochemical detection of the macrophage marker CD68 indicates a marked
accumulation in MASH patients compared with normal liver (Figure 6A). This was
particularly evident in portal regions, in close proximity to cholangiocytes. Dual-
immunohistochemistry was performed to observe co-localisation of OPN with cholangiocytes
(CK19 marker). There was a very apparent colocalization of CK19 and OPN (Figure 6C).
with a high degree of cellular coexpression. Coexpression increased significantly in MASH

vs normal liver, consistent with a regulatory role of OPN.

Portal inflammation and portal fibrosis have been shown to have consistent histological
association with advanced MAFLD [27]. Our analysis of a luminex cytokine profile of 123
histologically evaluated MAFLD patients indicated significant associations with histological
features of MASH. Specifically, between serum OPN and both portal inflammation and
portal fibrosis (p=0.0006, positive; p=0.0008, positive; Spearman Rho.), Additionally,

chemokines CCL2 and IL-8 (human functional equivalent of murine CXCL1/KC) also
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positively correlated with both portal inflammation (p=0.0012 and p=0.038, respectively) and

portal fibrosis (p=0.0025 and p=0.0001, respectively) (Supplemental Table 6).

In a separate analysis, OPN and chemokine expression was further explored in the context of
fibrosis severity. Transcriptomic data was generated from biopsies of MASH histologically-
proven and staged patients (n=72; 40 mild MAFLD, defined as fibrosis stage 0 or 1; 32
severe MAFLD, defined as fibrosis stage 3 or 4) using Affymetrix Human Genome U133
Plus 2.0 GeneChip microarrays. Chemokines CCL2 and IL8 were upregulated
(approximately 50% and 140%, respectively) in livers with advanced MASH (i.e. advanced
fibrosis) vs. early MASH (i.e. early fibrosis), while OPN was similarly increased from early

to advanced MASH (approximately 175%) (Figure 6B).

DISCUSSION

We report that OPN drives chemokine production in cholangiocytes, which serves to recruit
inflammatory monocytes / macrophages in chronic liver injury. Loss of OPN was associated
with markedly reduced expression and secretion of a range of chemokines including CCL2,
CXCL1 and CCLS5 among others. This was associated with OPN-related stimulation of NF-
kB signalling. Of novel importance, this was not via the canonical branch of the pathway, but
via non-canonical NF-kB involvement. Additionally, OPN enhances cholangiocyte associated
macrophage migration by both indirect and direct effects. Moreover, in murine models of
chronic injury, OPN neutralization was associated with reduced accumulation of
inflammatory monocytes (F4/80%). The presence of OPN supported the recruitment of
profibrogenic subpopulations (murine Ly6Chigh), whereas OPN neutralization was associated
with loss of chemokine secretion and the relative accumulation of a fibrosis resolution-

associated subpopulation (Ly6C!°%). Together, these data suggest that, in the liver, OPN is a
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key driver of inflammatory macrophage recruitment via modulation of cholangiocyte

chemokine expression and non-canonical NF-kB signalling.

The association of OPN with portal inflammation and fibrosis in human MASH, and indeed
with worsening MASH is consistent with previous observations that OPN drives the ductular
response [3] and is a regulator of immune recruitment [5] to facilitate fibrosis. The ductular
reaction is recognised as a key determinant of progressive fibrosis in patients with MASH
[28]. Furthermore, portal macrophage activity is specifically associated with the ductular
reaction and fibrosis progression in CLD [29]. Targeting a molecular determinant of portal
macrophage recruitment, especially one that promotes fibrosis, would be a critical avenue to
intervene in fibrosis progression and halt worsening MASH. We have previously
demonstrated that OPN neutralization is a viable strategy to ameliorate and potentially even
reverse fibrosis by targeting the progenitor cell response. Other investigators have
demonstrated the accumulation of inflammatory monocyte subsets as a key proponent of
fibrogenesis and determinant of disease outcomes [6]. Our data presented here indicate that
targeting OPN may directly affect the chemokine composition of the periportal environment

and thereby alter the accumulation of inflammatory monocytes from the periphery.

The loss of Ly6Chigh macrophages with OPN neutralization is particularly notable, as is the
potential accumulation of Ly6¢'oV/int cells. Furthermore, the chemokines affected by OPN loss
such as CCL2 are known to be important effectors of CCR2* macrophage accumulation in
CLD. This data implicates OPN as a key regulator of such macrophage accumulation, and
indeed to influence the effective composition of the macrophage phenotype. It appears likely
that OPN would affect the predominant macrophage population, both directly and indirectly
via cholangiocyte chemokine production, towards a phenotype consistent with maintenance
of fibrosis. Consistently, neutralization of OPN may effectively skew the macrophage

population towards a fibrosis-resolving phenotype. Future investigations are required to
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assess the influence of OPN on functionally equivalent subpopulations in humans, such as

CD14"CD16"-.

The RNA sequencing data revealed a picture of chemokine gene regulation that is both
specific and distinct. In cholangiocytes, the differential genes and pathways affected by OPN
were heavily centred on chemokine regulation and inflammatory/immune recruitment. This
implies that the functional role of OPN in cholangiocytes may be quite specifically confined
to controlling stromal inflammatory interactions. Furthermore, RNA sequencing showed a
number of chemokines to be downregulated (also validated by qRT-PCR), rather than just a
select few, highlighting the importance of OPN to cholangiocyte expression of this functional
grouping. Beyond the in vitro context, it is notable that associations between OPN and
chemokine levels were also present in multiple animal models and in MAFLD/MASH

patients.

The axis of chemokine ligands and their relevant receptors is increasingly emerging as a
clinical target to dampen liver inflammation and the accumulation of fibrosis. The AURORA
trial (Phase 3; NCT03028740) investigated a dual-CCR2/CCRS5 antagonist (Cenicriviroc) in
ameliorating MASH fibrosis [30], demonstrating it was safe and well-tolerated but ultimately
failed to show efficacy despite showing promising antifibrotic effect in the earlier
CENTAUR phase IIb study. In this context, therapeutic agents targeting OPN may also be
worth considering, especially as OPN neutralization demonstrably limits inflammation and
fibrosis in animal models [3] but also acts to support chemokine-driven disease progression
as reported here. Targeting OPN, either on its own or as an adjuvant therapeutic modality (in

addition to chemokine receptor inhibition) may be an attractive proposition.

There is already some evidence from other contexts that implicates OPN in a number of

macrophage-related functions [31]. In other tissue types (non-liver), its main role appears to
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be the production of chemokines and cytokines, such as CCL2 via activation of NF-xB
signalling [32]. In the liver, OPN promotes macrophage infiltration in the carbon
tetrachloride chronic injury model, itself acting as a chemoattractant [33], and antibody-
mediated neutralization of OPN reduces obesity-induced inflammation and macrophage
accumulation in a high fat diet model [34]. Silencing OPN in hepatoma cells reduces their
motility and invasiveness, but coculture with highly OPN-expressing macrophages restores
motility to normal, highlighting a role for OPN in stromal crosstalk between tumour and
macrophages that underlies tumour progression [35]. Although OPN has previously been
associated with activation of NF-«B in a range of settings including inflammation and cancer,
to our knowledge, the present study is the first report to associate OPN-derived signalling

with the non-canonical branch.

There are some limitations to this study. OPN is known to be cleaved by matrix
metalloproteinases (MMP9, MMP12). How macrophage-secreted MMPs may affect the
functional capacity of OPN and what this may imply for OPN-targeting as a therapeutic
strategy requires future investigation. In renal fibrosis, for example, MMP9 of both epithelial
and macrophage origin may cleave OPN and exacerbate fibrosis progression and further
macrophage recruitment [36]. Further work would also be necessary to confirm a causative
effect of OPN and associated cholangiocyte chemokine expression in directly mediating the
progression from early to late MASH in humans, although this would be challenging to

examine interventionally.

In summary, OPN expression in CLD enhances cholangiocyte production of chemokines and
promotes accumulation of macrophages, including a proinflammatory monocyte subset.
Neutralization of OPN attenuates inflammation-related injury and fibrosis, and is a promising

anti-fibrotic strategy.
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FIGURE LEGENDS

Figure 1. A) Cholangiocyte (603B) coexpression of keratin 19 and OPN, relative to RPS9
housekeeping. qPCR product on agarose gel. B) Secretion of OPN by 603B detected by ELISA of
conditioned media. *p<0.05. C) Western blot showing short-hairpin knockdown of OPN. D) qRT-
PCR detection of chemokines CCL2, CXCL1 and CCL5 with OPN knockdown. E) Cytometric bead
array detection of chemokines secreted in 603B conditioned media. *p<0.05 shOPN vs shScr;

unpaired t-test with Welch correction.

Figure 2. A) NF-xB activity detected by TransAM® DNA-binding ELISA of family subunits.
Lysates from shScr and shOPN 603B cholangiocytes are compared to quantify transcription factor
activation and the specific NF-kB subunit. Activity (a.u. Mean+SD) shown, shOPN vs shScr unpaired
t-test with Welch correction. B) Western blot visualizing equivalent total protein levels of p65 and a-

actinin used as loading control.

Figure 3. Macrophage activity. Transmigration assays: RAW?264.7 macrophages exposed to
conditioned media from 603B cholangiocytes. Number of migrated cells shown. Conditioned media
was treated with several schemes: A) control IgG, OPN-neutralizing antibody, chemokine-
neutralizing antibodies (against CCL2/MCP1, CXCL1/KC and CCL5/RANTES) and recombinant
OPN; B) sham aptamer, OPN-neutralizing aptamer and recombinant OPN; C) conditioned media from
shScr and shOPN 603B cholangiocytes. D) Macrophage expression of activation markers Class II
MHC Transactivator (Ciita) and Arginase 1 (Argl) after treatment with conditioned media from shScr
or shOPN 603B cholangiocytes. qRT-PCR data shown, Mean+SD, p<0.05, shOPN vs shScr, unpaired

t-test with Welch correction.
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Figure 4. Murine liver injury models treated with OPN-neutralizing aptamer. A) Liver injury (ALT)

and fibrogenesis markers (aSMA and Collal). *p<0.05. B) Sirius red histology for fibrosis *p<0.05,

unpaired t-test with Welch correction. C) Chemokine mRNA levels by qRT-PCR analysis whole liver

tissue from MCD-model and CCl4-model mice. *p<0.05 vs Normal, **p<0.05 vs Sham

aptamer+MCD, unpaired t-test with Welch correction.

Figure 5. Accumulation of inflammatory monocytes in murine liver injury. MCD model shown. A)
Immunohistochemical detection of macrophages labelled by the F4/80 marker with brown
chromogen. B) Flow cytometric analysis of inflammatory monocyte subsets from total liver, gated on
CD11b'F4/80". The Ly-6C antigen was used to distinguish ‘pro-fibrogenic’ Ly-6CHigh monocytes and

‘restorative’ Ly-6C*" monocytes. *p<0.05 vs sham, unpaired t-test with Welch correction.

Figure 6. Human MASH. A) Inflammatory monocyte accumulation detected by CD68
immunohistochemistry of MASH versus normal liver. B) Progression from early to advanced
MASH is accompanied by increased OPN and chemokines IL-8 and CCL2. Microarray data shown.
P<0.05 Advanced MASH vs Early MASH. C) Dual immunohistochemistry with cholangiocyte

marker CK19 (green) and OPN (brown) in normal liver and MASH. Quantification of double positive
cells is shown, including the proportion of CK19" cells that are also OPN*. Mean£SD; *p<0.05,

unpaired t-test with Welch correction.
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ABSTRACT

Background and aims

Osteopontin (OPN) promotes the ductular reaction and is a major driver of chronic liver
disease (CLD) progression. Although CLD is characterized by the accumulation of
inflammatory cells including macrophages around the peri-portal regions, the influence of
OPN on recruitment is unclear. We investigated the role of OPN in cholangiocyte chemokine
production and macrophage recruitment by combining in vivo, in vitro, and in silico
approaches.

Methods

The effects of OPN on cholangiocyte chemokine production and macrophage migration were
assessed in culture, alongside RNA-sequencing to identify genes and pathways affected by
OPN depletion. Murine liver injury models were used to assess liver chemokine expression
and liver macrophage/monocyte recruitment. OPN and chemokine expression were analysed
in liver tissue and plasma from biopsy-proven MASH patients.

Results

OPN-knockdown in cholangiocytes reduced chemokine secretion. RNA-sequencing showed
OPN-related effects clustered around immunity, chemotaxis and chemokine production.
Macrophage exposure to cholangiocyte-conditioned media showed OPN supported migration
via chemokines CCL2, CCL5 and CXCL1. These effects were related to NF-kB signalling.
Murine liver fibrosis was accompanied by upregulated liver OPN, CCL2, CCLS, and CXCL1
mRNA, and accumulation of liver CD11b/F4/80-CCR2+» macrophages but treatment with
OPN-specific neutralizing aptamers reduced fibrosis, chemokine mRNAs and accumulation
of liver CD11b/F4/80*CCR2"e"/ Ly6Chigh inflammatory monocytes. In human MASH, liver
OPN correlated with chemokines CCL2 and IL8 in association with portal injury and fibrosis.

Plasma OPN, serum CCL2 and ILS also increased with fibrosis stage.
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Conclusions

OPN promotes cholangiocyte chemokine secretion and the accumulation of pro-inflammatory
monocytes. These data support neutralization of OPN as an anti-inflammatory and anti-
fibrotic strategy.

[249 words]

Keywords
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INTRODUCTION

Despite considerable progress towards understanding the cellular and inflammatory factors
that drive chronic liver disease (CLD) progression, specific therapies that ameliorate CLD
still elude clinical translation. Targeting liver fibrosis, the most predictive indicator of disease
progression and negative prognosis would present attractive modalities for therapeutic

intervention [1,2].

We have reported that Osteopontin (OPN) is a key driver of liver fibrogenesis via activation
of hepatic stellate cells (HSCs) and progenitor cells [3]. OPN mediates crosstalk between
periportal and stromal cells and drives the ductular reaction which is highly linked to
fibrogenesis [3,4]. An acidic member of the small integrin-binding ligand N-linked
glycoprotein (SIBLING) family of proteins, OPN is abundantly expressed in a wide range of
tissues during inflammation and repair. It is secreted by various cell-types including epithelial
cells, T cells, dendritic cells and macrophages, and its expression is induced by oxidative
stress, growth factors (e.g. PDGF, TGFp), and cytokines (e.g. IL6, TNFa). In normal liver,
OPN is expressed by cholangiocytes, HSCs, progenitors, and immune cells (macrophages,
DCs, B and T cell subsets). To date, OPN has been shown to be upregulated in human CLD
(viral hepatitis B and C, NAFLD/MAFLD, ALD, PBC, PSC, autoimmune hepatitis) and in
models of liver injury (bile-duct ligation, biliary fibrosis; methionine-choline deficient diet
(MCD), MASH-fibrosis; carbon tetrachloride injection (CCly), fibrosis). Liver and

serum/plasma OPN levels correlate with severity of liver fibrosis in humans and mice [5].

A specific role for OPN in macrophage activation and recruitment in CLD, however, remains
unclear. In liver, inflammatory monocytes, particularly myeloid-derived macrophages,
influence pro-inflammatory and pro-fibrotic progression and through crosstalk maintain HSC

activation [6]. Interestingly, depending on macrophage subset as defined by activation
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markers, there also appears to be a key role in resolving fibroinflammatory disease in murine
CLD models [7]. CD11bhighF4/80Ly6Chigh infiltrating monocyte-derived macrophages
accumulate early in disease to promote fibrosis whereas CD11b"igh F4/80MLy6Cint/low

macrophages regulate fibrosis resolution by the expression of more MMPs.

As the nature of the inflammatory response appears to influence the course and outcome of
CLD, directing therapy at the recruitment of subsets and/or signals involved could attenuate
liver injury and fibrosis. Furthermore, portal fibrosis has been shown to be the best predictor
of liver complications during follow-up [8]. Previous work has indicated that inflammatory
cell accumulation in portal tracts is influenced by activated-HSC derived Hedgehog (Hh)
ligands, which induce cholangiocytes to secrete chemokines including CXCL16 and thereby
recruit inflammatory NKT cells [9]. Hh signals drive OPN production and this mechanism of
inflammatory recruitment is shown to drive fibrogenesis [5]. Additionally, we have reported
that the greatest levels of OPN expression in the injured liver are in the periportal regions,
and in colocation with the cholangiocyte marker Keratin 19 [3]. We therefore sought to
investigate whether OPN modulates cholangiocyte chemokine secretion that leads to

macrophage recruitment.

We have combined multiple investigatory disciplines, including human data, multiple animal
models, cell culture and bioinformatic analysis of next-generation gene sequencing. We find
that OPN critically affects cholangiocyte chemokine secretion to promote macrophage
recruitment in CLD and moreover may promote an inflammatory response that favours

fibrosis progression.
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EXPERIMENTAL PROCEDURES

Cellular analyses

The murine cholangiocyte cell line 603B and murine macrophage line RAW264.7 were
maintained according to standard protocols [10,11]. For migration experiments, 603B-
conditioned media was transferred to the bottom chamber of a standard transwell apparatus
(Nunc, ThermoFisher, Paisley, UK); RAW264.7 were seeded into the top chamber on a
polycarbonate membrane with 8 um pores. Migrated cells were counted using coomassie blue
staining of cells translocated to the underside of the membrane, using at least 15

nonoverlapping fields from two independent experiments.

Stable OPN knockdown using short-hairpin RNA was achieved as described [3]. OPN
knockdown 603B cells (shOPN-603B) were compared with non-targeting scrambled shRNA
(shScr-603B). For select experiments, conditioned media was treated with either OPN-
neutralizing aptamer (“OPN Apt”, versus sham control aptamer “Sham Apt”), recombinant
OPN (rOPN, 100 ng/mL, R&D), OPN-neutralizing antibody (2 ug/ mL R&D) neutralizing
antibodies against CCL2, CXCL1, CCLS5 or control IgG (3 pg/mL; 0.5 ug/uL; 0.5 ug/uL and

3 ug/mL, respectively).

Molecular RNA Sequencing and bioinformatics analyses

RNA was collected from snap-frozen 603B cell pellets (2x10° cells) using a standard Trizol
protocol. RNA sequencing was performed on an Ion Proton™ (Life Technologies) Next
Generation Sequencing platform (at the Institut de Génomique Fonctionnelle, Lyon, France).
The Htseq software [12] count feature (Reserve strand setting) was used to map reads (Bam
files) on UCSC mouse genome release Mm10 and generate count tables. The Deseq2 R

package from Bioconductor was used to analyze each count table separately [13]. Only genes



oNOYTULT D WN =

Liver International Page 40 of 83

exceeding a conservative threshold of at least 10 reads in one sample were kept (considered
to be expressed; False discovery rate 0.05). Selected genes were considered “Called
Differential” if they satisfied a Benjamini-Hochsberg [14] p-adjusted value <0.05 and had
Log2-fold change either >1 or <-1. Gene ontologies and functional enrichment were analysed
using two modalities: GOrilla [15,16] and DAVID [17,18] software. Multiple GO terms were
synthesized in ReviGO to simplify functional categories and reduce redundancy [19].
Specific altered pathways detected from RNA-Seq data were generated from the KEGG

database [20,21].

Animal models

Mice were housed in 12-hr light/dark cycle with food and water ad libitum. Liver samples for
RNA analyses and immunohistochemistry were taken at the indicated timepoints. Animal

handling was conducted in line with the US National Research Council’s Guide for the Care

and Use of Laboratory Animals, the US Public Health Service's Policy on Humane Care and

Use of Laboratory Animals, the UK Animals (Scientific Procedures) Act 1986 Amendment

Regulations (SI 2012/3039), and European Union Directive 2010/63/EU with approval by the

relevant institutional committees of Duke University; Vrije Universiteit Brussel, Belgium;

University of Calgary, Canada.

Murine Methionine-choline deficient diet (MCD), 3,5,-Diethoxycarbonyl-1,4-
dihydrocollidine diet (DDC) and Carbon tetrachloride (CCly) models were performed as
described [3]. MCD mice (n=5/group) were fed methionine-choline deficient (MCD) diet or

control chow for 5 weeks to induce metabolic dysfunction-associated steatohepatitis (MASH)

fibrosis. CCly mice (n=5/group) received twice-weekly intraperitoneal injections of CCly (0.5
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mg/kg, Sigma-Aldrich) or vehicle (mineral oil) for 6 weeks. DDC mice (n=5/group) were fed

the dihydrocollidine (DDC) diet for 3 weeks to induce biliary-type fibrosis.

OPN neutralization

Mice received OPN-specific aptamers (specifically neutralize circulating-extracellular OPN)
or sham-aptamers (negative control) [22,23] by tail-vein injections in the final week of
dietary or chemical challenge (n=10/study; 5/group; four injections (alternate days) total per

mouse; 200 pg in 100 uL of PBS). Mice were sacrificed 24 h after the final aptamer dose.

Histology and Immunohistochemistry

Liver tissue was formalin-fixed, paraffin-embedded, and cut into 5-um sections. To quantify
liver fibrosis, five-micron sections were stained with picrosirius red (Sigma, St. Louis, MO)
and counterstained with fast green (Sigma, St. Louis, MO). Immunohistochemical staining
was performed as previously described [3] to detect OPN, aSMA, F4/80, CD68 and

Cytokeratin 19 (CK19) using procedures described in Supplemental Methods.

Human Histology and tissue analyses

Studies using human material from Duke University Hospital were conducted in accordance
with NIH and Institutional guidelines for human subject research and the Declaration of
Helsinki (2008). For formalin-fixed, paraffin-embedded (FFPE) sections, deidentified
samples were obtained from explanted liver tissue from individuals undergoing
transplantation for MASH-cirrhosis, and normal tissues were obtained from excess split-liver

grafts. Total liver RNA was obtained from freshly explanted and snap-frozen MASH.
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Biobanked samples (Duke NAFLD/MAFLD repository) were collected on same day as

acquired liver histology.

Tissue Microarray and Luminex cytokine profile

Transcriptomic data was generated from frozen liver biopsy tissue obtained from patients
previously enrolled in the Duke University Health System NAFLD/MAFLD Biorepository.
Clinically-indicated liver biopsies and liver histology were graded and scored for MAFLD-
related injury and fibrosis according to published criteria [24]. Transcriptomic data from 72
patients was analysed, including 40 with mild MAFLD, defined as fibrosis stages 0 or 1, and
32 with severe MAFLD, defined as fibrosis stages 3 or 4. The biorepository, patient
demographics, RNA preparation and generation of genomic data have been described
previously [25]. Briefly, microarray hybridization was performed using Affymetrix Human
Genome U133 Plus 2.0 GeneChip arrays (Affymetrix, Santa Clara, CA). Differential gene
expression for CXCLS, CCL2 and SPPI was determined using two sample Student’s t-test
assuming equal variances (Matlab, Mathworks, Natick, MA). Cytokine profiling was
performed on biobanked serum and plasma samples (123 patients) using a Luminex analyte

panel according to manufacturer’s instructions (and Supplemental methods).

Protein detection and gene expression

Semiquantitative real-time PCR (qQRT-PCR), western blotting and agarose gel electrophoresis

were performed as described in Supplemental methods. NF-xB activity and specific subunit

was detected using TransAM® NF«xB p50, p52, p65 & Family Kits (Active Motif, Carlsbad,

CA). Chemokines secreted in culture were measured by cytometric bead array (BD
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Biosciences, Oxford, UK). ELISA detection of secreted OPN in media was performed as per

kit manufacturer instructions (R&D Systems, Abingdon, UK).

oNOYTULT D WN =

12 Statistical analyses

15 For groupwise comparisons, analyses were performed using Graph-Pad Prism 4 software

17 (GraphPad Software, La Jolla, CA) and data presented as mean+=SEM. For two independent

groups unpaired t-test was used with Welch correction to tolerate unequal variances, and for

2 multiple comparisons a one-way ANOVA with Tukey’s MCT post-hoc correction.

24 Statistically significant differences were considered at p<0.05.
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RESULTS

Osteopontin is associated with chemokine production by cholangiocytes

The role of OPN in cholangiocyte chemokine secretion was investigated in vitro using the
603B cell line, which highly expresses both OPN and the cholangiocyte/ductular marker
keratin 19 (Figure 1A) and secretes a copious amount of OPN as detected by ELISA of
conditioned media (Figure 1B). Knockdown of OPN using lentivirus-mediated short-hairpin
RNA targeting Osteopontin (shOPN) achieved approximately 65% knockdown versus non-
targeting scrambled control (shScr) (Figure 1C) (Western quantitation shown in
Supplemental Figure 7). We initially examined production of selected chemokines CCL2
(MCP-1), CXCL1 (KC/FSP/Grol) and CCL5 (RANTES) and found that knockdown of OPN
was associated with significantly downregulated mRNA of these chemokines (80%, 40% and
95% downregulation, respectively) (Figure 1D). Similar reductions were found for secretion
of these chemokines, as detected by cytometric bead array examination of 603B conditioned

media (approx. 75%, 60% and 85% loss of secretion, respectively) (Figure 1E).

To gain a wider appreciation of all the chemokines that may be affected and to investigate the
wide array of signalling processes that could affect chemokine production in relation to OPN,
we applied Next Generation RNA Sequencing (RNAseq). Appreciable levels of transcript
were detected in 11,728 genes. Among these, we determined 670 genes to be significantly
altered (Benjamini-Hochsberg p,g; <0.05), of which 192 genes were altered by more than 1x
log,Fold, a conservative cutoff which may underline functionally significant downregulation.
Among these significantly altered genes, many of the most highly altered were chemokines
(listed in Table 1). We detected alterations in 17 chemokines, of which 14/17 were
downregulated, 10 by more than 1xlog,fold and with statistical significance. In addition to

aforementioned CCL2, CXCL1 and CCLY5, significantly downregulated chemokines included
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CXCLI16, CXCLI11, CXCL10, CCL9, CCL7, CX3CLI1 (Fractalkine) and CXCLS5. To account
for the possibility of error associated with the high-throughput RNAseq process we

independently verified these chemokines using qRT-PCR, which showed similarly consistent
levels (Supplemental Figure 1), indicating the accuracy of the RNAseq and the robustness of

chemokine downregulation.

The functional significance of the full range of altered genes detected by RNAseq was

interrogated using Gene Ontology (GO) analysis to identify the most strongly-represented

functional clusters among the differentially expressed genes. Two different modalities,
GOrilla software and DAVID software, provided remarkably similar results (Supplemental
Table 3). The enriched terms heavily favoured chemokine and immune cell recruitment
functional terms, especially among the most significant hits, implying a role for OPN in these
processes. The predominance of these terms also supports the primacy of these functions in
relation to OPN i.e., the main function of OPN in cholangiocytes appears to be highly related
to chemokine production and signals for chemotaxis/immune recruitment. A synthesis of all
GO terms reported by GOrilla using ReviGO software to sort functional groupings also
demonstrates that overwhelmingly the largest effect of OPN was on immune/inflammatory
recruitment and chemokine/cytokine production (Supplemental Figure 2). Additionally,

interrogation of altered genes via the KEGG signalling database indicated a robust role for

OPN in chemokine/cytokine production and immune recruitment signalling pathways, which

were the predominantly represented pathways (Supplemental Table 4).

OPN promotes non-canonical NF-xB signalling in cholangiocytes

Some affected GO terms were related to NF-xB signalling, which is known to be one of the

main pathways for chemokine production and is also associated with activation by OPN. We
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therefore investigated whether OPN was driving NF-kB activity in cholangiocytes. NF-xB
activity assays showed that loss of OPN in 603B was associated with suppression of the non-
canonical NF-xB pathway (repression of p52 and RelB activity in shOPN relative to shNS),
but not the canonical branch (there was no suppression of p50, c-Rel, or p65 activity) (Figure
2). This implies that OPN stimulates a non-canonical NF-«B signalling mechanism in
cholangiocytes. Searching the RNAseq data for known NF-kB-responsive farget genes, aside
from the chemokines identified already, indicates 25 target genes were significantly altered in

shOPN cholangiocytes (Benjamini-Hochsberg p,qj <0.05); 24 out of these 25 genes were

downregulated and 12 out of these 25 by more than 1 log,fold (Supplemental Table 5). Three

NF-kB-family genes were also downregulated: Nfkbid (IxBys, atypical IkB protein,
modulator of nuclear NF-xB function), Nfkbia (IxBa, canonical inhibitor of NF-xB) and

Nfkb2 (NF-xB p100 subunit).

OPN enhances cholangiocyte-associated macrophage migration

To explore whether this deficiency in chemokine production affected macrophage
recruitment we treated RAW264.7 macrophages with conditioned media from 603B
cholangiocytes. 603B-conditioned media stimulated macrophage migration across transwell
membranes (Figure 3A), however macrophage migration was comparably reduced with
conditioned media from shOPN cholangiocytes (Figure 3C). Furthermore, neutralizing the
chemokines CCL2, CXCL1 and CCL5 (using neutralizing antibodies; Figure 3A) abrogated
transmigration in comparison to wildtype cholangiocyte conditioned media treated with non-
specific IgG-control. Neutralization of OPN by antibody or by aptamer similarly reduced
macrophage transmigration, whereas spiking the conditioned media with recombinant OPN

(rOPN) enhanced migration (Figures 3A, 3B). These results indicate that OPN can directly
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enhance cholangiocyte-stimulated macrophage migration, but also indirectly instruct the
recruitment capacity of cholangiocytes by influencing the chemokine composition of the
cholangiocyte secretome. The activation phenotype of macrophages also appears to be
affected, as knockdown of OPN in 603B was associated with decreased expression of the
inflammatory activation marker CIITA and increased expression of the

immunomodulatory/resolving activation marker Argl (Figure 3D).

OPN neutralization inhibits inflammatory monocyte accumulation and chemokine expression

in mouse models of liver injury.

To investigate whether the influence of OPN on inflammatory monocyte accumulation
extends to the in vivo context we studied murine models of liver injury and fibrosis. We used
an interventional approach, whereby circulating OPN was targeted by specific neutralizing-
aptamer treatment in the MCD dietary model and the CCl, toxicity model. Additionally,
biliary-type fibrosis was modelled using the DDC diet. We have previously shown the
aptamer neutralization modality to be effective in these murine models and comparable to a

neutralizing antibody modality [3].

MCD model. Consistent with our previous reports [3,26], in a 5-week MCD model, mice
treated with Osteopontin-neutralizing aptamer had approximately 50% reductions in ALT,
which would be in line with reduced inflammation. Simultaneously, fibrogenesis and HSC
activation was also ameliorated (whole liver tissue aSMA mRNA by 2.1-fold; Collal mRNA
by 2.2-fold; Figure 4A). Sirius red histology also demonstrated markedly reduced fibrosis
with OPN neutralization (Figure 4B). Moreover, consistent with the in vitro findings, the
induction of chemokines CCL2, CXCL1 and CCL5 was significantly ameliorated by OPN

neutralization (whole liver tissue mRNA; Figure 4C).
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CCl,; model. Similar results were present in the 6-week CCly model. The reductions in
fibrogenesis (aSMA and Collal), as we have previously reported with OPN-neutralizing
aptamer treatment in the CCly; model [3], and reductions in collagen-rich fibrotic matrix were
accompanied by significant reductions in chemokine mRNA, whereby the induction of
CCL2, CXCL1 and CCLS5 was almost completely reversed by OPN neutralization (Figure

40).

DDC model. As a model of biliary-type fibrosis, we used a 3-week DDC model with 1.5
weeks OPN aptamer treatment. Consistent with the MCD and CCly models, OPN
neutralization was associated with significantly reduced levels of chemokines CCL2, CXCL1

and CCLS5 (whole tissue mRNA; Supplemental Figure 4).

Inflammatory cell recruitment. The presence of inflammatory cell recruitment was assessed
using immunohistochemical detection of the F4/80 marker. Chronic liver injury is typically
associated with accumulation of F4/80-positive cells, particularly around periportal regions
(Figure SA). In the MCD model, this accumulation was significantly reduced in mice treated
with OPN neutralization. Flow cytometry of homogenized whole liver tissue was also used to
detect inflammatory monocytes. In a supplemental study using a neutralizing antibody
modality, OPN neutralization resulted in a 23% reduction in the accumulation of

CD11bhighF4/80high inflammatory monocytes (Supplemental Figure 5).

Due to marked heterogeneity among inflammatory monocyte subsets, we sought to
functionally characterize differences in accumulation influenced by OPN. In other murine
studies, it has been shown that CD11b"g"F4/80"Ly6Chigh infiltrating monocyte-derived
macrophages accumulate early in disease to promote fibrosis whereas

CD11bMiehF4/80™Ly6CinY'ov macrophages regulate fibrosis resolution by expressing more
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MMPs [7]. Notably, we find that OPN neutralization is also associated with reduced
accumulation of the CD11bhig"F4/80Ly6Chigh subset (5.3% vs 1.6% of cells gated on
CD11b"F4/80%) associated with inflammation and maintenance of fibrosis. Additionally, the
CD11bhighF4/80Ly6Cinvlow population (associated with fibrosis resolution) was increased
with OPN neutralization (Figure 5B). Altogether, these combined data indicate that OPN
supports inflammatory monocyte recruitment, particularly a profibrotic subset. Furthermore,
these data are consistent with OPN neutralization as a modality to suppress the pro-

inflammatory monocyte activity that maintains fibrosis.

OPN and chemokine expression is associated with portal injury and fibrosis in human MASH

Immunohistochemical detection of the macrophage marker CD68 indicates a marked
accumulation in MASH patients compared with normal liver (Figure 6A). This was
particularly evident in portal regions, in close proximity to cholangiocytes. Dual-

immunohistochemistry was performed to observe co-localisation of OPN with cholangiocytes

(CK19 marker). There was a very apparent colocalization of CK19 and OPN (Figure 6C).

with a high degree of cellular coexpression. Coexpression increased significantly in MASH

vs normal liver, consistent with a regulatory role of OPN.

Portal inflammation and portal fibrosis have been shown to have consistent histological
association with advanced MAFLD [27]. Our analysis of a luminex cytokine profile of 123

histologically evaluated MAFLD patients indicated significant associations with histological

features of MASH. Specifically, between serum OPN and both portal inflammation and

portal fibrosis (p=0.0006. positive: p=0.0008. positive; Spearman Rho.), Additionally,

chemokines CCL2 and IL-8 (human functional equivalent of murine CXCL1/KC) also
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positively correlated with both portal inflammation (p=0.0012 and p=0.038. respectively) and

portal fibrosis (p=0.0025 and p=0.0001, respectively) (Supplemental Table 6).

In a separate analysis, OPN and chemokine expression was further explored in the context of
fibrosis severity. Transcriptomic data was generated from biopsies of MASH histologically-
proven and staged patients (n=72; 40 mild MAFLD, defined as fibrosis stage 0 or 1; 32
severe MAFLD, defined as fibrosis stage 3 or 4) using Affymetrix Human Genome U133
Plus 2.0 GeneChip microarrays. Chemokines CCL2 and IL8 were upregulated
(approximately 50% and 140%, respectively) in livers with advanced MASH (i.e. advanced
fibrosis) vs. early MASH (i.e. early fibrosis), while OPN was similarly increased from early

to advanced MASH (approximately 175%) (Figure 6B).

DISCUSSION

We report that OPN drives chemokine production in cholangiocytes, which serves to recruit
inflammatory monocytes / macrophages in chronic liver injury. Loss of OPN was associated
with markedly reduced expression and secretion of a range of chemokines including CCL2,
CXCL1 and CCLS5 among others. This was associated with OPN-related stimulation of NF-
kB signalling. Of novel importance, this was not via the canonical branch of the pathway, but
via non-canonical NF-kB involvement. Additionally, OPN enhances cholangiocyte associated
macrophage migration by both indirect and direct effects. Moreover, in murine models of
chronic injury, OPN neutralization was associated with reduced accumulation of
inflammatory monocytes (F4/80%). The presence of OPN supported the recruitment of
profibrogenic subpopulations (murine Ly6Chigh), whereas OPN neutralization was associated
with loss of chemokine secretion and the relative accumulation of a fibrosis resolution-

associated subpopulation (Ly6C!°%). Together, these data suggest that, in the liver, OPN is a
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key driver of inflammatory macrophage recruitment via modulation of cholangiocyte

chemokine expression and non-canonical NF-kB signalling.

The association of OPN with portal inflammation and fibrosis in human MASH, and indeed
with worsening MASH is consistent with previous observations that OPN drives the ductular
response [3] and is a regulator of immune recruitment [5] to facilitate fibrosis. The ductular
reaction is recognised as a key determinant of progressive fibrosis in patients with MASH
[28]. Furthermore, portal macrophage activity is specifically associated with the ductular
reaction and fibrosis progression in CLD [29]. Targeting a molecular determinant of portal
macrophage recruitment, especially one that promotes fibrosis, would be a critical avenue to
intervene in fibrosis progression and halt worsening MASH. We have previously
demonstrated that OPN neutralization is a viable strategy to ameliorate and potentially even
reverse fibrosis by targeting the progenitor cell response. Other investigators have
demonstrated the accumulation of inflammatory monocyte subsets as a key proponent of
fibrogenesis and determinant of disease outcomes [6]. Our data presented here indicate that
targeting OPN may directly affect the chemokine composition of the periportal environment

and thereby alter the accumulation of inflammatory monocytes from the periphery.

The loss of Ly6Chigh macrophages with OPN neutralization is particularly notable, as is the
potential accumulation of Ly6¢'eV/int cells. Furthermore, the chemokines affected by OPN loss
such as CCL2 are known to be important effectors of CCR2* macrophage accumulation in
CLD. This data implicates OPN as a key regulator of such macrophage accumulation, and
indeed to influence the effective composition of the macrophage phenotype. It appears likely
that OPN would affect the predominant macrophage population, both directly and indirectly
via cholangiocyte chemokine production, towards a phenotype consistent with maintenance
of fibrosis. Consistently, neutralization of OPN may effectively skew the macrophage

population towards a fibrosis-resolving phenotype. Future investigations are required to
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assess the influence of OPN on functionally equivalent subpopulations in humans, such as

CD14"CD16"-.

The RNA sequencing data revealed a picture of chemokine gene regulation that is both
specific and distinct. In cholangiocytes, the differential genes and pathways affected by OPN
were heavily centred on chemokine regulation and inflammatory/immune recruitment. This
implies that the functional role of OPN in cholangiocytes may be quite specifically confined
to controlling stromal inflammatory interactions. Furthermore, RNA sequencing showed a
number of chemokines to be downregulated (also validated by qRT-PCR), rather than just a
select few, highlighting the importance of OPN to cholangiocyte expression of this functional

grouping. Beyond the in vitro context, it is notable that associations between OPN and

chemokine levels were also present in multiple animal models and in MAFLD/MASH

patients.

The axis of chemokine ligands and their relevant receptors is increasingly emerging as a
clinical target to dampen liver inflammation and the accumulation of fibrosis. The AURORA
trial (Phase 3; NCT03028740) investigated a dual-CCR2/CCRS antagonist (Cenicriviroc) in

ameliorating MASH fibrosis [30], demonstrating it was safe and well-tolerated but ultimately

failed to show efficacy despite showing promising antifibrotic effect in the earlier

CENTAUR phase IIb study. In this context, therapeutic agents targeting OPN may also be

worth considering, especially as OPN neutralization demonstrably limits inflammation and
fibrosis in animal models [3] but also acts to support chemokine-driven disease progression
as reported here. Targeting OPN, either on its own or as an adjuvant therapeutic modality (in

addition to chemokine receptor inhibition) may be an attractive proposition.

There is already some evidence from other contexts that implicates OPN in a number of

macrophage-related functions [31]. In other tissue types (non-liver), its main role appears to
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be the production of chemokines and cytokines, such as CCL2 via activation of NF-xB
signalling [32]. In the liver, OPN promotes macrophage infiltration in the carbon
tetrachloride chronic injury model, itself acting as a chemoattractant [33], and antibody-
mediated neutralization of OPN reduces obesity-induced inflammation and macrophage
accumulation in a high fat diet model [34]. Silencing OPN in hepatoma cells reduces their
motility and invasiveness, but coculture with highly OPN-expressing macrophages restores
motility to normal, highlighting a role for OPN in stromal crosstalk between tumour and
macrophages that underlies tumour progression [35]. Although OPN has previously been
associated with activation of NF-«B in a range of settings including inflammation and cancer,
to our knowledge, the present study is the first report to associate OPN-derived signalling

with the non-canonical branch.

There are some limitations to this study. OPN is known to be cleaved by matrix
metalloproteinases (MMP9, MMP12). How macrophage-secreted MMPs may affect the
functional capacity of OPN and what this may imply for OPN-targeting as a therapeutic
strategy requires future investigation. In renal fibrosis, for example, MMP9 of both epithelial
and macrophage origin may cleave OPN and exacerbate fibrosis progression and further
macrophage recruitment [36]. Further work would also be necessary to confirm a causative
effect of OPN and associated cholangiocyte chemokine expression in directly mediating the
progression from early to late MASH in humans, although this would be challenging to

examine interventionally.

In summary, OPN expression in CLD enhances cholangiocyte production of chemokines and
promotes accumulation of macrophages, including a proinflammatory monocyte subset.
Neutralization of OPN attenuates inflammation-related injury and fibrosis, and is a promising

anti-fibrotic strategy.
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FIGURE LEGENDS

Figure 1. A) Cholangiocyte (603B) coexpression of keratin 19 and OPN, relative to RPS9
housekeeping. qPCR product on agarose gel. B) Secretion of OPN by 603B detected by ELISA of
conditioned media. *p<0.05. C) Western blot showing short-hairpin knockdown of OPN. D) qRT-
PCR detection of chemokines CCL2, CXCL1 and CCL5 with OPN knockdown. E) Cytometric bead
array detection of chemokines secreted in 603B conditioned media. *p<0.05 shOPN vs shScr;

unpaired t-test with Welch correction.

Figure 2. A) NF-xB activity detected by TransAM® DNA-binding ELISA of family subunits.

Lysates from shScr and shOPN 603B cholangiocytes are compared to quantify transcription factor

activation and the specific NF-kB subunit. Activity (a.u. Mean+SD) shown, shOPN vs shScr unpaired

t-test with Welch correction. B) Western blot visualizing equivalent total protein levels of p65 and a-

actinin used as loading control.

Figure 3. Macrophage activity. Transmigration assays: RAW?264.7 macrophages exposed to
conditioned media from 603B cholangiocytes. Number of migrated cells shown. Conditioned media
was treated with several schemes: A) control IgG, OPN-neutralizing antibody, chemokine-
neutralizing antibodies (against CCL2/MCP1, CXCL1/KC and CCL5/RANTES) and recombinant
OPN; B) sham aptamer, OPN-neutralizing aptamer and recombinant OPN; C) conditioned media from
shScr and shOPN 603B cholangiocytes. D) Macrophage expression of activation markers Class II
MHC Transactivator (Ciita) and Arginase 1 (Argl) after treatment with conditioned media from shScr

or shOPN 603B cholangiocytes. qRT-PCR data shown, Mean+SD, p<0.05, shOPN vs shScr, unpaired

t-test with Welch correction.
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Figure 4. Murine liver injury models treated with OPN-neutralizing aptamer. A) Liver injury (ALT)

and fibrogenesis markers (aSMA and Collal). *p<0.05. B) Sirius red histology for fibrosis *p<0.05,

unpaired t-test with Welch correction. C) Chemokine mRNA levels by qRT-PCR analysis whole liver

tissue from MCD-model and CCl4-model mice. *p<0.05 vs Normal, **p<0.05 vs Sham

aptamer+MCD, unpaired t-test with Welch correction.

Figure 5. Accumulation of inflammatory monocytes in murine liver injury. MCD model shown. A)
Immunohistochemical detection of macrophages labelled by the F4/80 marker with brown
chromogen. B) Flow cytometric analysis of inflammatory monocyte subsets from total liver, gated on
CD11b'F4/80". The Ly-6C antigen was used to distinguish ‘pro-fibrogenic’ Ly-6CHigh monocytes and

‘restorative’ Ly-6C*" monocytes. *p<0.05 vs sham, unpaired t-test with Welch correction.

Figure 6. Human MASH. A) Inflammatory monocyte accumulation detected by CD68
immunohistochemistry of MASH versus normal liver. B) Progression from early to advanced
MASH is accompanied by increased OPN and chemokines IL-8 and CCL2. Microarray data shown.
P<0.05 Advanced MASH vs Early MASH. C) Dual immunohistochemistry with cholangiocyte

marker CK19 (green) and OPN (brown) in normal liver and MASH. Quantification of double positive

cells is shown, including the proportion of CK 19" cells that are also OPN*. Mean+SD: *p<0.05,

unpaired t-test with Welch correction.
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Figure 2. OPN loss alters NF-kB signalling
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Figure 4. OPN neutralization supresses injury and fibrosis in vivo, and reduces
expression of chemokines CCL2/MCP-1, CXCL1/KC and CCL5/RANTES
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Figure 5. OPN neutralization in vivo suppresses macrophage accumulation
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Figure 6. Human MASH
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Table 1. Differential expression of chemokines detected by RNAseq

Liver International

base log2Fold

Gene ID Mean Change IfcSE Padgj
CXCLI6 165.15 -2.708 0.265 1.79E-21*
CXCLI1 131.84 -2.271 0.272 3.14E-14*
CXCLII0 2259.20 -1.850 0.212 1.65E-15*
CCL5 (RANTES) 30.39 -1.419 0.274 2.05E-05*
CCL2 (MCP-1) 4437.61 -1.343 0.227 4.21E-07*
CCLY 34.34 -1.169 0.275 0.00095*
CCL7 141.57 -1.139 0.280 0.00194*
CXCLI (KC, Fsp, Grol) 550.42 -1.030 0.233 0.00051*
CX3CLI (Fractalkine) 306.73 -1.006 0.225 0.00042*
CXCL5 462.74 -0.987 0.232 0.00098*
CCLS 21.93 -0.670 0.261 0.12296
CCL20 (MIP34) 726.26 -0.545 0.236 0.19727
CCL17 182.68 -0.472 0.247 0.35222
CCL6 10.71 -0.327 0.229 0.57309
CXCcLi2 11.62 0.233 0.235 0.75865
CCL25 311.05 0.192 0.224 0.80567
CCL28 10.66 0.089 0.208 0.92633

TAll Chemokines detected by RNAseq shown.
baseMean = expression level as indicated by reads across all replicates

log2FoldChange = log2 fold change between the groups; shOPN vs control.

1fcSE = standard error of the log2FoldChange

Padgj = P value adjusted for multiple testing using Benjamini-Hochberg procedure.

*Significance indicated at p<0.05.
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Supplemental Methods

Semi-quantitative real-time PCR

Total RNA was extracted from cell cultures or liver tissue using a standard TRIzol®
technique (Life Technologies, Carlsbad, CA). cDNA templates were reverse transcribed from
RNA (1 pg) using an iScript kit (Bio-Rad). cDNA (25 ng) was amplified using SYBR®
Green PCR Master Mix (Life Technologies) and target-specific oligonucleotide primers on
an Applied Biosystems 7500 Real-Time PCR system. Threshold cycles (Ct) were calculated
automatically by the system software and target gene levels determined using the 2—-AACt
method, relative to the S9 ribosomal protein housekeeping gene. Primer sequences are listed
in Supplemental Table 1. Samples were taken from three independently prepared extracts.

Agarose gel electrophoresis

Select PCR products were mixed with 5x DNA Electrophoresis sample loading dye (Bio-
Rad, Hercules, CA) and electrophoresed in 2% w/v high-resolution agarose (UltraPure™
Agarose 1000, Life Technologies, Carlsbad, CA) in tris-borate EDTA. Gels were stained with
GelRed® Nucleic Acid Gel stain (Biotium, Fremont, CA) and photographed on a on a Bio-
Rad ChemiDoc MP imaging system.

Western blot

Cell cultures were lysed in cold RIPA buffer (pH 7.4, 50 mM Tris-HCI, 150 mM NaCl, ImM
EDTA, 1% NP-40, 0.01% SDS) with Protease Inhibitor Cocktail Tablets (Roche,
Indianapolis, IN) and phosphatase inhibitors (1 mM Naz;VO,, 1 mM NaF). Protein
concentration was measured by the Precision Red Advanced Protein Assay (Cytoskeleton
Inc., Denver, CO). Approximately 15 pg protein was loaded on precast acrylamide gels
(Mini-PROTEAN® TGX™ Bio-Rad, Hercules, CA), and electro-transferred to nitrocellulose
or PVDF membranes (0.45 um, Life Technologies). Membranes were blocked in Blek-CH
Noise Cancelling Reagent (Merck-Millipore, Temecula, CA) and incubated with primary
antibodies listed in Supplemental Table 2 overnight at 4°C. After washing, ECL™ donkey
anti-rabbit, ECL™sheep anti-mouse (GE Life Sciences, Amersham, UK) or rabbit-anti goat
(Santa Cruz, Dallas, TX) HRP-conjugated secondary antibodies were added at 1:20,000
dilution in TBST. Clarity Western ECL Reagent (Bio-Rad) substrate was used to visualize
specific antibody-HRP complexes on a Bio-Rad ChemiDoc MP imaging system. Loading
equivalence was determined using B-actin detection (Sigma, St. Louis, MO). Band density
was measured using the peak analysis tool of NIH Image J version 1.47f (Schneider et al.,
2012, https://doi.org/10.1038/nmeth.2089)

Histopathology and immunohistochemistry
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Immunohistochemical staining was performed as previously described [3] to detect OPN,
aSMA, F4/80, CD68 and CK 19 utilising the DAKO Envision System (DAKO Corporation)
according to the manufacturer’s protocol. Briefly, sections were de-paraffinized in xylene,
dehydrated in ethanol, and incubated with 3% hydrogen peroxide to block endogenous
peroxidase. Antigen retrieval was performed by heating in 10 mM sodium citrate buffer (pH
6.0) or incubating with pepsin (Invitrogen). Sections were blocked in DAKO protein block
(DAKO), followed by incubation with primary antibodies listed in Supplemental Table 2.
Target proteins were visualized using HRP-conjugated secondary antibody and DAB
chromogen (anti-rabbit, K4003; anti-mouse, K4001; DAB reagent, K3466; DAKO) and
sections counterstained with Aqua Hematoxylin (Innovex Biosciences). For double-
immunohistochemistry, the additional target was detected using Vina Green Chromogen Kit
(Bio-Care Medical, Pacheco, CA). Negative controls constituted sections exposed to 1%
bovine serum albumin instead of the respective primary antibodies. Quantitation was
performed on a minimum of 10 nonoverlapping fields and counted via ImageJ. Sirius red
histology and morphometry was also as per previously described [ref. 3].

Human histopathology was evaluated by an independent pathologist at Duke University
Medical Center using assessment criteria as per the NASH (MASH) Clinical Research
Network scoring system, assessing indicative histological features including Steatosis (grade
0-3), Lobular Inflammation (grade 0-3), Portal inflammation (grade 0-1), Ballooning (0-2),
Fibrosis (stage 0-4), and Portal fibrosis (grade 0-1, stage 1c, 2, 3 and 4) [ref. 24].
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Supplemental Methods

Semi-quantitative real-time PCR

Total RNA was extracted from cell cultures or liver tissue using a standard TRIzol®
technique (Life Technologies, Carlsbad, CA). cDNA templates were reverse transcribed from
RNA (1 pg) using an iScript kit (Bio-Rad). cDNA (25 ng) was amplified using SYBR®
Green PCR Master Mix (Life Technologies) and target-specific oligonucleotide primers on
an Applied Biosystems 7500 Real-Time PCR system. Threshold cycles (Ct) were calculated
automatically by the system software and target gene levels determined using the 2—-AACt
method, relative to the S9 ribosomal protein housekeeping gene. Primer sequences are listed
in Supplemental Table 1. Samples were taken from three independently prepared extracts.

Agarose gel electrophoresis

Select PCR products were mixed with 5x DNA Electrophoresis sample loading dye (Bio-
Rad, Hercules, CA) and electrophoresed in 2% w/v high-resolution agarose (UltraPure™
Agarose 1000, Life Technologies, Carlsbad, CA) in tris-borate EDTA. Gels were stained with
GelRed® Nucleic Acid Gel stain (Biotium, Fremont, CA) and photographed on a on a Bio-
Rad ChemiDoc MP imaging system.

Western blot

Cell cultures were lysed in cold RIPA buffer (pH 7.4, 50 mM Tris-HCI, 150 mM NaCl, ImM
EDTA, 1% NP-40, 0.01% SDS) with Protease Inhibitor Cocktail Tablets (Roche,
Indianapolis, IN) and phosphatase inhibitors (1 mM Naz;VO,, 1 mM NaF). Protein
concentration was measured by the Precision Red Advanced Protein Assay (Cytoskeleton
Inc., Denver, CO). Approximately 15 pg protein was loaded on precast acrylamide gels
(Mini-PROTEAN® TGX™ Bio-Rad, Hercules, CA), and electro-transferred to nitrocellulose
or PVDF membranes (0.45 um, Life Technologies). Membranes were blocked in Blek-CH
Noise Cancelling Reagent (Merck-Millipore, Temecula, CA) and incubated with primary
antibodies listed in Supplemental Table 2 overnight at 4°C. After washing, ECL™ donkey
anti-rabbit, ECL™sheep anti-mouse (GE Life Sciences, Amersham, UK) or rabbit-anti goat
(Santa Cruz, Dallas, TX) HRP-conjugated secondary antibodies were added at 1:20,000
dilution in TBST. Clarity Western ECL Reagent (Bio-Rad) substrate was used to visualize
specific antibody-HRP complexes on a Bio-Rad ChemiDoc MP imaging system. Loading
equivalence was determined using B-actin detection (Sigma, St. Louis, MO). Band density
was measured using the peak analysis tool of NIH Image J version 1.47f (Schneider et al.,
2012, https://doi.org/10.1038/nmeth.2089)

Histopathology and immunohistochemistry
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Immunohistochemical staining was performed as previously described [3] to detect OPN,
aSMA, F4/80, CD68 and CK19 utilising the DAKO Envision System (DAKO Corporation)
according to the manufacturer’s protocol. Briefly, sections were de-paraffinized in xylene,
dehydrated in ethanol, and incubated with 3% hydrogen peroxide to block endogenous
peroxidase. Antigen retrieval was performed by heating in 10 mM sodium citrate buffer (pH
6.0) or incubating with pepsin (Invitrogen). Sections were blocked in DAKO protein block
(DAKO), followed by incubation with primary antibodies listed in Supplemental Table 2.
Target proteins were visualized using HRP-conjugated secondary antibody and DAB
chromogen (anti-rabbit, K4003; anti-mouse, K4001; DAB reagent, K3466; DAKO) and
sections counterstained with Aqua Hematoxylin (Innovex Biosciences). For double-
immunohistochemistry, the additional target was detected using Vina Green Chromogen Kit
(Bio-Care Medical, Pacheco, CA). Negative controls constituted sections exposed to 1%
bovine serum albumin instead of the respective primary antibodies. Quantitation was
performed on a minimum of 10 nonoverlapping fields and counted via ImagelJ. Sirius red
histology and morphometry was also as per previously described [ref. 3].

Human histopathology was evaluated by an independent pathologist at Duke University
Medical Center using assessment criteria as per the NASH (MASH) Clinical Research
Network scoring system, assessing indicative histological features including Steatosis (grade
0-3), Lobular Inflammation (grade 0-3), Portal inflammation (grade 0-1), Ballooning (0-2),
Fibrosis (stage 0-4), and Portal fibrosis (grade 0-1, stage 1c, 2, 3 and 4) [ref. 24].
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Supplemental Figure 2.

Supplemental Figure 2. Functional groupings of enriched gene ontologies. To reduce redundancy
between functionally overlapping terms, RNAseq-based gene ontology data from GOrilla was filtered
using ReviGO to generate functionally meaningful groups. Functional groupings shown are altered with
loss of OPN in cholangiocytes. Colour represents common functional grouping and box size is
proportional to the number of genes affected.
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Supplemental Figure 3. Sirius red histology. OPN-neutralization ameliorates
fibrosis in murine CCl4 and DDC models. Animals were treated with sham
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Supplemental Figure 4.
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Supplemental Figure 4. DDC Model. Chemokine mRNA levels by qRT-PCR analysis of
whole liver tissue from DDC-model mice.
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Supplemental Figure 5.
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21 Supplemental Figure 5. Flow cytometric detection of inflammatory monocytes/macrophages
22 labelled by CD11b+F4/80+ from total liver of of a 5-week MCD murine model. MCD mice

23 were injected either control (IgG) or anti-OPN (R&D) in the final week, (n=5/group four
injections; 50 pg/injection), a dose demonstrated to reduce fibrosis (Coombes et al., 2015), and
2% sacrificed 24 h after the final injection. Data presented as fold change relative to livers from

27 normal fed mice.
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Supplemental Figure 6. Schematic representation of NF-kB pathway activation,
delineating differences in canonical vs non-canonical branches. Translocation of active
p50-RelA and p50-c-Rel heterodimer complexes (and p5S0 homodimers) to the nucleus are
consistent with the canonical branch, whereas the active p52-RelB heterodimer
distinguishes the non-canonical branch. Non-canonical signaling is generally considered
slower, more persistent and has been associated with chronic inflammatory conditions,
whereas canonical activation is rapid and transient, typically present in circumstances
such as infection and acute injury
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Supplemental Figure 7. Western Bot quantitation is shown for OPN knockdown.
Grey intensity was plotted and the resulting area under curve plotted to generate to
generate lane intensity values. Values were corrected for loading by  actin. Source
blot membranes are shown. Cell lysates were taken from three independent
extracts. Average shOPN knockdown value by protein level is approximately 65%.
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Supplemental Table 1. List of primer pairs for qRT-PC
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Target Forward 5°->3’ Reverse 5°->3°
(Mouse)

RPS9 AGCCGGCCTAGCGAGGTCAA CGAAGGGTCTCCGTGGGGTCA
OPN (Sppl) TGGCAGCTCAGAGGAGAAGAAGC GGGTCAGGCACCAGCCATGTG
Collagenlal ~ AATGGCACGGCTGTGTGCGA AGCACTCGCCCTCCCGTCTT

K19 GTGAAGATCCGCGACTGGT AGGCGAGCATTGTCAATCTG

aSMA (ACTA2) GATGAAGCCCAGAGCAAGAG CTTTTCCATGTCGTCCCAGT
CXCL16 TGAACTAGTGGACTGCTTTGAGC GCAAATGTTTTTGGTGGTGA
CXCL11 AAAGTCACGTGCACACTCCA CACTGGTCCGGATTGCAGTA
CXCL10 ATGACGGGCCAGTGAGAATG TCAACACGTGGGCAGGATAG
CCL9 ATCAGCAAGAGGGGGTTCCA AGGTCCGTGGTTGTGAGTTT
CCL7 GTGTCCCTGGGAAGCTGTTA ATAGCCTCCTCGACCCACTT
CX3CL1 AACTTCCGAGGCACAGGATG AGATGTCAGCCGCCTCAAAA
CXCLS TTCTGTTGCTGTTCACGCTG AAGCAAACACAACGCAGCTC
CCL20 CGACTGTTGCCTCTCGTACA AGCTTCATCGGCCATCTGTC
CCL17 ACTTCAAAGGGGCCATTCCT TGCCCTGGACAGTCAGAAAC
CCL25 AACCCCAACAGTACAAGCGT TGTTGGTCTTTCTGGGCATCA
CIITA CTTCATAGAGCACATTGGAGCAG GCGTCTCTTCTGAGGCTTCTGT
Argl TTCGGAACTCAACGGGAGG CATGTGGCGCATTCACAGTC
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Supplemental Table 2. List of Antibodies

Antibody Application Supplier Catalog/Clone
aSMA IHC Abcam ab32575
CK19 IHC/Western Abcam ab15463
F4/80 IHC AbDSerotec MCA497GA

p65 Western Santa Cruz 4H211
a-actinin Western Santa Cruz sc-7454-R
B actin Western Sigma AC-74
CDl11b FC BD M1/70
CCR2 FC R&D FAB5538
Ly-6C FC BD AL-21
F4/80 FC eBioscience FAB5580
CD68 IHC Dako MO0876
CCL2 (MCP1) Neutralization R&D MAB479
CCL5/RANTES Neutralization R&D MAB478
CXCL1/KC Neutralization R&D MAB453
IgG Neutralization Abcam 6-001-F
Osteopontin Neutralization/Western/IHC R&D AF808
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Supplemental Table 3. Most-enriched functional gene ontologies based on differentially expressed genes.”
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GOrilla software

GO Term Description P-value”
GO0:0006952  defense response 2.84E-16
GO:0043207  response to external biotic stimulus 3.16E-14
GO0:0009607  response to biotic stimulus 3.82E-14
GO:0006955  immune response 5.55E-13
GO:0098542  defense response to other organism 9.71E-13
GO0:0034341  response to interferon-gamma 2.33E-12
GO:0009605  response to external stimulus 2.53E-12
GO:0002376  immune system process 3.07E-12
GO:0031349  positive regulation of defense response 4.08E-12
GO:0071346  cellular response to interferon-gamma 4.68E-12
GO:0051707  response to other organism 4.75E-12
GO:0031347  regulation of defense response 8.19E-11
GO0:0006954  inflammatory response 1.21E-10
GO0:0034097  response to cytokine 2.03E-10
GO:0007186  G-protein coupled receptor signaling pathway 4.63E-10
GO0:0002682  regulation of immune system process 6.35E-10
GO:0006935  chemotaxis 8.65E-10
G0:0022610  biological adhesion 9.51E-10
GO:0048247  lymphocyte chemotaxis 1.11E-09
GO:0042330  taxis 1.15E-09
GO:0071345  cellular response to cytokine stimulus 1.65E-09
GO:0002687  positive regulation of leukocyte migration 2.42E-09
GO0:0002684  positive regulation of immune system process 4.12E-09
GO:0050795  regulation of behavior 6.03E-09
G0:0048520  positive regulation of behavior 6.46E-09
GO:0070098  chemokine-mediated signaling pathway 7.49E-09
GO0:0072676  lymphocyte migration 7.94E-09
G0:0042742  defense response to bacterium 1.00E-08
GO:0050920  regulation of chemotaxis 1.60E-08
DAVID software

GO Term Description P-value’
GO:0006955  immune response 1.71E-08
GO:0008009  chemokine activity 4.10E-06
GO:0042379  chemokine receptor binding 5.17E-06
GO:0006935  chemotaxis 6.56E-05
GO:0042330  taxis 6.56E-05
GO0:0048002  antigen processing and presentation of peptide antigen 1.29E-04
G0:0030029  actin filament-based process 2.62E-04
GO:0005096  GTPase activator activity 3.34E-04
GO:0005125  cytokine activity 4.75E-04
GO:0002478  antigen processing and presentation of exogenous peptide antigen 8.16E-04
GO:0060589  nucleoside-triphosphatase regulator activity 9.00E-04
GO0:0008047  enzyme activator activity 9.67E-04
GO0:0030036  actin cytoskeleton organization 1.23E-03
G0:0022402  cell cycle process 1.51E-03
GO:0030695  GTPase regulator activity 1.56E-03
GO:0005886  plasma membrane 1.79E-03
GO0:0019884  antigen processing and presentation of exogenous antigen 2.08E-03
GO:0008092  cytoskeletal protein binding 2.25E-03
GO0:0019882  antigen processing and presentation 2.38E-03
G0:0007626  locomotory behavior 2.68E-03
GO:0070161  anchoring junction 2.95E-03
GO0:0044459  plasma membrane part 3.06E-03
GO:0046983  protein dimerization activity 3.36E-03
G0:0032088  negative regulation of NF-kappaB transcription factor activity 3.68E-03
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These lists display the most enriched functional gene clusters, generated from the full list of differentially

expressed genes. *Functional clusters were identified using two differing algorithms; GOrilla and DAVID. The
most enriched GO terms for each method are shown. Based on differentially expressed genes from RNAseq data
comparing shNS and shOPN cholangiocytes. "P-value based on minimum hypergeometric statistics test for
enrichment of GO terms from a ranked gene list. ‘P-value based on Fisher’s exact test. Smaller values are more
enriched.

oNOYTULT D WN =



Liver International Page 82 of 83

Supplemental Table 4. Pathways most affected by OPN-knockdown in cholangiocytes.
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2 » Fold o
KEGG Pathway Count PValue Genes Enriched BN amini’
mmu04621
. . . CXCL1, NOD2, HSP90AA1, CCL2, MAPK12, IL18,
NOD-like receptor signaling 10 2.79E-04 NFKBIA, CCLS, BIRC3, CCL7 4.56 0.045263
pathway
CXCLI1, EGFR, BMP2, CCL2, CXCLS, CSF1, IL18,
mmu04060 TNFSF15, CCL9, CX3CL1, CXCLI11, CCLS, CCL7
'C};toklrf—cytokme receptor 20 8.86E-04 CXCL10, TNFRSF9, CXCL16, ILSRA, FAS, 2.32 0.070964
wieraction ILI3RAI, FIGF
mmu04062 CXCLI1, CCL2, CXCLS, GNAI1, CCL9, NFKBIA,
Chemokine signaling 15 0.004663 CX3CL1, CXCLI11, CCLS, CCL7, CXCL10, GNG10, 2.33 0.227889
pathway CXCLI16, JAK2, GRKS
mmu(04623
Cytosolic DNA-sensing 7 0.012182 DDX58, POLR3G, TMEML73, IL18, NFKBIA, CCLS5, 3.60 0.398703
CXCL10
pathway
mmu04620
. . , FOS, MAPK12, IRF5, TLR2, NFKBIA, CCLS,
Toll-like receptor signaling 9 0.022732 CXCLI1, CXCL10, SPP1 2.57 0.533931
pathway
EGFR, CACNA2D1, TAOK3, MAPKAPK3, FGF13,
mmu04010 NFKB2, STK3, FOS, ATF4, MAPK 12, RPS6KA2,
MAPK signaling pathway 17 0.023799 JUND, PLA2G6, MAPKSIP1, FAS, MAP3K 14, 181 0486441
MAP3K12
Mmu05200 EGFR, TRAF1, WNT10A, BMP2, TCF7, HSP90AAL,
P t; . 19 0.03463 PTGS2, MMP9, ARNT2, NFKBIA, FGF13, NFKB2, 1.66 0.566467
atfedys mn cancer BIRC3, COL4A6, RBX1, FOS, EP300, FAS, FIGF
mmu(04612
R . H2-K1, HSP90AAL, H2-M2, TAP2, TAPI1, H2-D1,
Antigen p.rocessmg and 8 0.040484 CD74, B2M 2.48 0.575784
presentation
mmu04622
RIG-I-like receptor signaling 6 0.090273 DDXS58, TMEMI73, ISG15, MAPK12, NFKBIA, 2.49 0.825362

pathway

CXCL10

This list of pathways is generated from the full list of differentially expressed genes, displaying the most altered pathway clusters.

a
number of genes affected in pathway

b
Modified Fisher Exact P-Value. Smaller values are more enriched

c
Benjamini-Hochsberg adjusted for multiple comparisons
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1

2

2 Supplemental Table 5. Differentially expressed NF-kB target genes and family genes'™.
Z base log2Fold

7 Gene ID Mean Change IfcSE Padi

2 NF-kB target genes

1(1) C3 3020.974  -5.664 0.212 1.217E-152
12 Mmp9 220.225 -3.515 0.262 1.546E-37
13 Sifn2 77.558 -2.296 0.286 3.596E-13
14 Xdh 429.714 -2.162 0.237 4917E-17
15 Nod?2 59.432 -1.692 0.287 5.023E-07
16 S100a4  974.385 -1.601 0.197 1.868E-13
17 Plau 153.106 -1.437 0.281 2.726E-05
18 Tnfrsf9  88.479 -1.421 0.280 3.024E-05
19 Veaml 1723.971  -1.409 0.219 2.306E-08
20 Birc3 509.968  -1.395 0.218 2.805E-08
21 Ptgs2 139489  1.287 0.268 1.098E-04
22 Tir2 467.095  -1.140 0.214 1.003E-05
;j Tapl 78363  -1.114 0.287 3.704E-03
25 Tnfsfl5 131928 -0.939 0.263 9.860E-03
2% Lspl 34.525 -0.901 0.282 2.980E-02
27 Upklb 61.931 -0.891 0.287 3.768E-02
28 Tnip3 25.034 -0.870 0.273  3.008E-02
29 Trafl 139.397 -0.859 0.278 3.879E-02
30 Slclla2 1503.458  -0.837 0.214 3.370E-03
31 Ptgds 2271.977  -0.815 0.183 4.291E-04
32 Bel2lll 577.504 -0.757 0.221 1.513E-02
33 Hpse 372.078 -0.733 0.224 2.444E-02
34 Tnipl 1882.997  -0.627 0.186 1.857E-02
35 Irfl 704.821 -0.623 0.201 3.869E-02
36 B2m 63006.782 -0.517 0.160 2.781E-02
37

38

39 NF-xB family genes

40

ph Nfkbid 152386  -1.003 0.262 4.317E-03
43 Nfkbia 768.385 -0.731 0.204 9.368E-03
44 Nfkb2 2543.102  -0.638 0.197 2.720E-02
45

46

47

48 baseMean = expression level as indicated by reads across all replicates
49 log2FoldChange = log2 fold change between the groups; shOPN vs control.
50 1fcSE = standard error of the log2FoldChange

51 padj = P value adjusted for multiple testing using procedure of Benjamini-Hochberg.
gg TChemokines not included.

54 T Significant genes only

55

56

57

58

59
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Supplemental Table 6. Correlations with histological portal inflammation and portal fibrosis in human
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MASH
Histology Factor p-Value' Direction
Portal Inflammation OPN 0.0006 Positive
. CCL2 ..

Portal Inflammation (MCP1) 0.0012 Positive
Portal Inflammation L8 0.0038 Positive
Portal Fibrosis OPN 0.0008 Positive

. . CCL2 "
Portal Fibrosis (MCP1) 0.0025 Positive
Portal Fibrosis 1L8 0.0001 Positive

2 Spearman rho, Significant.

Biopsy-proven MASH, scored according to NASH (MASH) CRN [ref 24].

OPN, CCL2 and IL8 detected by Luminex panel, n=123 patients.
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